Gene flow is an enigmatic evolutionary force because it can limit adaptation but can also 23 help populations escape inbreeding depression. Manipulating gene flow for conservation 24 purposes is a controversial, but potentially powerful management strategy. We use 25 multigenerational pedigrees and genomics to test demographic and evolutionary 26 consequences of manipulating gene flow in two isolated wild Trinidadian guppy 27 populations. We found that on average, hybrids lived longer and reproduced more. 28
Introduction
Gene flow is a fundamental force in evolutionary biology; it determines the distribution 39 of genetic variation exposed to natural selection, can inhibit or facilitate local adaptation, and 40 contributes to species cohesion (1, 2). Gene flow is also of fundamental concern in conservation 41 biology, as it can affect the capacity of a population to escape inbreeding depression or to adapt 42 to rapidly changing environmental conditions (3). Altered gene flow patterns, due to natural or 43 anthropogenic processes, can have major demographic consequences. Too much gene flow can 44 cause population declines or extirpation via disruption of local adaptation (4), outbreeding 45 depression (5), or invasive hybridization (6). However, too little gene flow can result in fixation 46 of deleterious alleles in small and isolated populations, potentially also leading to their decline or 47 extirpation (7) . Predicting evolutionary and demographic effects of altered gene flow patterns is 48 thus a fundamental goal in evolutionary ecology and a major challenge for biodiversity 49 conservation. 50 Debates over the net effect and context dependence of gene flow on population fitness 51 has real-world consequences for the conservation and management of vulnerable populations. 52 Assisted gene flow, the intentional translocation of individuals, is a potentially powerful tool for 53 counteracting inbreeding depression and/or mitigating maladaptation due to climate change (8).
translocations: gene flow into recipient populations was accompanied by large increases in 84 population size, which were attributed to high recruitment rates in immigrant and hybrid ancestry 85 classes (22), while locally favored traits were retained (23). In this study we used 86 multigenerational wild pedigrees and genomic data to determine the mechanisms-from genes to 87 individual fitness-that caused genetic rescue. We addressed three specific questions: 88 
(i)
Is genetic rescue caused primarily by superior immigrants that have higher fitness 89 than residents, or by highly fit hybrids? 90 (ii) What are the genomic consequences of new gene flow? 91 (iii) Is locally adaptive genetic variation maintained by selection in the face of gene flow? 92 To answer these questions, we combined long-term individual-based capture-mark- 93 recapture and genetic monitoring with pedigree reconstruction. We evaluated the effect of 94 individual hybrid index on major fitness components (longevity and total lifetime reproductive 95 success). We also used genome-wide restriction site-associated DNA sequencing (RADseq) to 96 examine the extent to which the genome became homogenized by gene flow and to test whether 97 alleles associated with the local environment were maintained at a higher frequency than neutral 98 loci in the face of high gene flow. The integration of these different data types allowed us to 99 dissect in unprecedented detail the ecological and evolutionary mechanisms of genetic rescue.
Taylor and 0.86 in Caigual (22). The first three capture events occurred prior to upstream 107 translocations. Microsatellite genotypes for every individual captured during the first 17 months 108 of the study (~four to six guppy generations) were used to reconstruct pedigrees (n=2831) and 109 assign hybrid indices ranging from 0 (pure recipient genotype) to 1 (pure immigrant genotype). 110 We captured 63 fish with immigrant genotypes in the Caigual recipient population and 753 111 immigrant genotypes in the Taylor recipient population. 112 Sustained population growth 113 Following the onset of gene flow, population sizes increased nearly ten-fold throughout 114 the two years in which Caigual and Taylor recipient populations were censused ((22); Fig. 1B ), 115 with modest fluctuations driven by typical wet/dry season dynamics (24). Prior to upstream 116 translocations, Caigual and Taylor populations were composed entirely of pure recipient 117 genotypes (Fig. 1C) . Immigration led to an increase in the frequency of hybrid genotypes 118 throughout the study's duration. By the end of the 17-month period for which we had individual 119 genotype data, both populations were composed mostly of hybrid and immigrant individuals. 120 High hybrid fitness 121 Hybrid index was a strong predictor of variation in fitness in both streams. Hybrids 122 and/or pure immigrants lived longer ( Fig. 2A-B ) and had higher lifetime reproductive success 123 ( Fig. 2C -D) than pure recipient individuals. Quadratic models relating fitness to hybrid index 124 consistently outperformed linear or constant models. In some cases, these quadratic relationships 125 clearly showed that hybrid genotypes lived longer (e.g., males in Caigual and both sexes in 126 Taylor, Fig. 2A-B ) and had higher reproductive success (hybrids in Taylor, Fig. 2D ) than 127 individuals with pure recipient or immigrant genotypes. In other cases, hybrids and pure 128 immigrant individuals may have had comparable success ( Fig. 2C ; females in Fig. 2A ). We found some evidence of zero-inflation in longevity (i.e., more fish failed to survive beyond their 130 initial capture than expected given the negative binomial distribution) in both Taylor and   131 Caigual. In Caigual, zero-inflation did not appear to vary between sexes or with hybrid index 132 ( recommended for assisted gene flow in management, strong selection would likely maintain 220 adaptive alleles at higher frequency than we observed.
We do not yet know the functional significance of alleles that resisted introgression. The 222 lack of BLAST hits to genes implicated in divergently adapted traits was unsurprising given the 223 sparseness of our genotyping across the genome (27) and limited understanding of the genomic 224 architecture of local adaptation in guppies. Our candidate loci might be located in (or linked to) 225 relevant genes whose functions are unknown, or they could affect uncharacterized traits involved 226 in local adaption to the headwater environment (e.g., physiological and metabolic traits) that 227 have not been mapped. Given these limitations, we emphasize that it is the signature of selection 228 in the face of such high migration that is itself interesting. Further investigation of differential 229 rates of introgression throughout the genome with higher resolution genomic data will help 230 identify the genomic architecture of local adaptation to headwater environments in guppies. This 231 task will be additionally strengthened by directly linking variable patterns of introgression to 232 changes in traits and individual fitness. 233 In our view, the scenario studied here represents an ideal management outcome in which 234 gene flow into small, inbred populations causes substantial increases in genomic variation, 235 individual fitness, and population size, but does not wipe out variation presumed to be locally 236 adaptive. To what extent this scenario translates to other organisms, including species of 237 conservation concern, is unknown. However, our results agree with a growing body of literature 238 supporting the idea that gene flow from a closely related source into small, genetically 239 depauperate populations can produce substantial demographic benefits (12, 13, 28, 29) . These Technologies, Inc., Shaw Island, WA, USA) using eight marking sites and 12 possible colors. 260 The set of marks used in our study was distinct from the set used in the upstream translocations. 261 All fish each month were weighed, photographed, and returned to their exact location within the 262 focal stream reach one to two days after initial capture. Lab mortality was less than 0.5%. In 263 total, we captured and uniquely marked 9,590 individual guppies throughout 29 capture 264 occasions (4,880 in Caigual; 4,710 in Taylor).
We extracted genomic DNA from scale samples from all individuals caught in the first 17 267 (of 29) capture occasions using Gentra Puregene Tissue Kits (Qiagen). Guppies were genotyped 268 at 12 microsatellite markers as described in (22). Briefly, we amplified loci using Qiagen Type-It 269 Microsatellite Multiplex PCR kits. PCR products combined with HiDi formamide and LIZ size 270 standard were sent to the Life Sciences Core Laboratory at Cornell University to be read on an 271 ABI 3730xl automated sequencer. Genotypes were visualized and scored using the microsatellite 272 plug-in with GENEIOUS 7.1.7 (32). We scored two positive controls and one negative control 273 on each plate and found low genotyping error rate (<0.5%). In total, we genotyped 3,298 guppies 274 (1,491 from Caigual; 1,807 from Taylor) at 12 microsatellite loci. We calculated a continuous 275 hybrid index between 0 ("pure" recipient genotype) and 1 ("pure" immigrant genotype) for all 276 individuals using the maximum likelihood method of (33) in the GenoDive software (34). A set 277 of 20 pre-gene flow fish from Caigual and Taylor and 20 fish from the downstream source were 278 used as reference populations to estimate hybrid index. 279 We reconstructed wild pedigrees of the Caigual and Taylor focal populations using 280 Colony2 (35), specifying a polygamous mating system without inbreeding, a genotyping error 281 rate of 0.005, and the full-likelihood analysis method with "high" likelihood precision and 282 "medium" runs that were repeated five times with different random seeds to maximize correct . 301 We used generalized linear mixed models (GLMMs) to examine the relationship between 302 an individual's fitness components and their hybrid index, accounting for the month the 303 individual was first captured (i.e., its cohort) as a random effect, and checking for potential 304 effects of sex and zero-inflation. Variation in both fitness components was modelled using a 305 negative binomial distribution; this discrete distribution is appropriate for potentially over- 306 dispersed count data (such as the number of offspring produced) as well as our discretized 307 estimate of lifespan (here, number of months). We considered a suite of competing models 308 describing changes in the negative binomial distribution's mean as a function of hybrid index 309 and/or sex, using a log link function (Table S1, S4). A subset of these models also tested for 310 zero-inflation (i.e., zeros in excess of those inherently predicted by the negative binomial distribution) and examined whether the extent of zero-inflation varied with hybrid index and/or 312 sex, using a logit link function. All models were fit using the glmmTMB package (36) in R 313 (version 3.3.3); and associated scripts are available at (https://github.com/ctkremer/guppy). 314 From the set of candidate models fit to each separate fitness component and stream, we 315 used AICc comparison to select the best model ( Briefly, we ran two ADMIXTURE (33) analyses: one for Caigual and one for Taylor. 356 Each analysis estimated admixture proportions for the "pure" pre-gene flow population, the "pure" downstream source population, and the post-gene flow population. Using those outputs, 358 we simulated many post-gene flow samples for each stream with the same admixture make-up 359 and sampling noise. We also identified a set of loci that were strong candidates for alleles 360 involved in (or linked to alleles involved in) local adaptation to the low predation (LP) headwater 361 environment using two selection criteria: loci with (1) highly similar allele frequencies between Taylor generally had lower LRS, and were more likely to not reproduce at all (i.e., we detected 542 significant zero inflation, Fig. S4 563 564 In this section, we describe in detail the procedure used to identify the signature of selection for 565 the maintenance of locally adaptive variation in the face of gene flow. We found that our candidate loci were significantly more "headwater" in their frequencies than 601 their frequency-matched null set. This result supports the inference that headwater populations 602 were locally adapted, and that there was selection for the maintenance of adaptive variation in 603 the headwater habitats in the face of downstream gene flow. For each post-gene flow population, we generated a parametric null hypothesis for the frequency 608 of each SNP, against which we could compare the observed frequencies to determine whether 609 there was greater maintenance of local variation than we would expect. To generate this null for 610 each stream, we first ran the model-based clustering method ADMIXTURE (39) on a dataset 611 consisting of the two pre-gene flow populations (recipient and source) and the post-gene flow 612 population, modeling individuals as draws from two discrete population clusters (K=2). We ran 613 10 replicate ADMIXTURE runs on each stream dataset, specifying a different random seed for 614 each run to ensure that results were consistent across runs (they were). 615 We were interested in two quantities from each of these analyses: 1) the matrix of (Fig. S2) . 619 As expected, individuals from post-gene flow populations were of majority source 620 ancestry in both streams (although to slightly differing degrees). The sampled source individuals 621 were inferred to have some admixture with recipient populations in analyses in both streams, 622 which is biologically plausible given the downstream direction of stream-flow. 623 In both streams, there were strong correlations between the estimated allele frequencies Workflow (2): Simulating admixed populations 635 We then used the admixture proportions and cluster allele frequencies estimated in 636 ADMIXTURE to simulate admixed populations to match the observed post-gene flow 637 populations. We had to use the ADMIXTURE-estimated frequencies, rather than observed pre-638 gene flow population frequencies, because some of our pre-gene flow samples were inferred to 639 be admixed, and so did not offer a clear glimpse of the "pure" parental population frequencies. 640 We describe the simulation procedure for a single stream below, using wik to denote the 641 estimated admixture proportion of the ith individual in the kth cluster, and flk to denote the 642 estimated allele frequency at the lth locus in the kth cluster. 643 To simulate a single haplotype in individual i within a stream, we randomly chose a 644 fraction wi1 of all genotyped loci to be of Cluster 1 ancestry, and assigned the remaining 1-wi1 645 fraction of loci to be of Cluster 2 ancestry. At a given locus, we then simulated a haploid 646 genotype as a Bernoulli draw with probability of success flk; this step approximates the 647 randomness of the sampling procedure used in the original genotyped dataset. We simulated two 648 haplotypes across all loci for each individual, and repeated this procedure for each genotyped 649 individual in the stream. We simulated 1000 replicate datasets for each stream. Note that we Using these simulations, we could calculate an estimated mean allele frequency at each locus, as 657 well as an observed deviation from that expectation at each locus in each stream. The estimated 658 mean allele frequency at a locus was defined as the mean of the simulated frequencies across all 659 simulated replicates, and the deviation was the difference between the observed sample allele 660 frequency in a post-gene flow population (either PCA or PTY) and the simulation mean. If our 661 data were well described by the ADMIXTURE model, the distribution of deviations from the 662 model-based expectation should have had mean zero and small variance. In practice, we saw that 663 the distribution of deviations from expectation has mean 2.9 ´ 10^-3 and standard deviation 4.3 664 ´ 10^-2 in Caigual, and mean 2.6 ´ 10^-3 and standard deviation 4.2 ´ 10^-2 in Taylor. 665 We could further characterize the deviation at each locus by its direction: either toward 666 the ancestral headwater frequency or the ancestral source frequency. To do this, we used the 667 allele frequencies estimated in Clusters 1 and 2 from the ADMIXTURE analyses as the ancestral 668 headwater and source population frequencies within each stream, respectively. We defined the 669 ancestry-polarized deviation at a locus as positive when the difference between the observed 670 sample frequency and the simulation-based expectation was in the direction of the ancestral pre-671 gene flow allele frequency, and negative when it was not (Fig. S3 ). If there was no difference 672 between the observed and expected allele frequencies, the deviation was zero. We could then 673 calculate the ancestry-polarized deviations across all loci in both streams (Fig. S3 ).
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Supplementary methods: Detecting selection on locally adaptive variation
675
Workflow (4): Identifying excess pre-gene flow ancestry at putatively locally adapted loci 676 To detect a signal of excess pre-gene flow ancestry, we started by identifying alleles that 677 matched our expectations for locally adapted loci. Alleles were included in our candidate list if 678 the difference in sample frequencies between both pre-gene flow headwater populations was less 679 than 0.1, and the frequency difference between each of the pre-gene flow headwater populations 680 and the downstream source population was greater than 0.9. These are stringent criteria, so we 681 undoubtedly have a high false negative detection rate, but as we are not interested in these loci 682 individually, but rather in the signal of ancestry deviation aggregated across them, we feel the 683 sacrifice in Type II error is worth the gains in Type I error. 684 In all, alleles at 146 loci met our criteria to be considered candidates, and we calculated 685 the ancestry-polarized deviation for each of these loci. However, because the frequencies (both 686 observed and expected) of these alleles affect the distribution of their deviations, it may not be 687 appropriate to simply compare the distribution of ancestry-polarized deviations for these 688 candidate loci to that of all loci, or all other loci. 689 Instead, we took the approach of comparing the distribution of ancestry-polarized 690 deviations from the 146 candidate loci to that of a set of frequency-matched loci. To match by 691 frequency at a locus, we chose another locus (that was not part of the candidate set) for which the 692 mean simulated frequency fell within 0.05 of the observed post-gene flow allele frequency. We 693 did this sampling without replacement, so that no two candidate loci were frequency-matched to 694 the same locus. 695 We then calculated the distribution of ancestry-polarized deviation for this null set and 696 compared it to that of our candidate loci to determine whether ancestry at the candidate loci was 697 biased toward ancestral headwater frequencies. To assess significance, we used a one-tailed t-test, paired by locus, within each stream (Fig. 3C ). We found that, in each stream, the 699 frequencies of the candidate loci were significantly more "headwater" (pre-gene flow ancestry) 700 than their frequency-matched null set. In Caigual, the mean deviation from prediction toward 701 pre-gene flow upstream frequencies was 3.182e-2 for candidate loci and 6.566e-4 for non-702 candidate loci (one tailed paired t-test, p = 1.993e-7). In Taylor, the mean deviation from 703 prediction toward pre-gene flow upstream frequencies was 2.002e-2 for candidate loci and 704 5.089e-3 for non-candidate loci (one tailed paired t-test, p = 3.724e-3). 
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